Abstract A key organisational feature of the cerebellum is its division into a series of cerebellar modules. Each module is defined by its climbing input originating from a well-defined region of the inferior olive, which targets one or more longitudinal zones of Purkinje cells within the cerebellar cortex. In turn, Purkinje cells within each zone project to specific regions of the cerebellar and vestibular nuclei. While much is known about the neuronal wiring of individual cerebellar modules, their behavioural significance remains poorly understood. Here, we briefly review some recent data on the functional role of three different cerebellar modules: the vermal A module, the paravermal C2 module and the lateral D2 module. The available evidence suggests that these modules have some differences in function: the A module is concerned with balance and the postural base for voluntary movements, the C2 module is concerned more with limb control and the D2 module is involved in predicting target motion in visually guided movements. However, these are not likely to be the only functions of these modules and the A and C2 modules are also both concerned with eye and head movements, suggesting that individual cerebellar modules do not necessarily have distinct functions in motor control.
Introduction
The cerebellum has long been compartmentalised in order to aid the understanding of cerebellar function (for review see [1, 2] ). In particular, a longitudinal organisation was first suggested by Jansen and Brodal [3] who divided the cerebellar cortex into lateral (hemispheral), intermediate (paravermal) and vermal compartments on the basis of their corticonuclear targets. This tripartite division of the cerebellum was based upon the finding that Purkinje cells in each longitudinal division project topographically to a distinct cerebellar nucleus, with the efferent connections of each nucleus, in turn, projecting to different descending pathways, thereby controlling different aspects of movement (both acquisition and execution). In brief, the vermal cortex projects preferentially to the fastigial (medial) and vestibular nuclei, the paravermal cortex to the interpositus nucleus (anterior and posterior subdivisions) and the lateral cortex to the dentate nucleus. That these different regions are to an extent functionally distinct was first suggested by Chambers and Sprague [4, 5] who determined the classes of motor deficits that occurred after different cortical lesions. For example, lesion of the vermal cortex and the fastigius nucleus resulted in severe disturbance of axial muscle control and balance, while ablation of the paravermal cortex and the underlying interpositus nucleus resulted in the impairment of voluntary, goal-directed movements and disturbances of the postural 'base' for such tasks.
While this serves as a useful overview of the basic principles of functional organisation of the cerebellum, it is now recognised that these three broad longitudinal compartments can be further subdivided into a series of smaller anatomical/functional units called 'modules' [6] [7] [8] . Cerebellar modules are highly conserved across many species implying similar function. Structurally, each module is defined by its climbing input originating from a circumscribed subdivision of the inferior olivary complex, which targets one or more longitudinal zones of Purkinje cells within the cerebellar cortex (see Fig. 1 ). In turn, Purkinje cells within each zone project to specific regions of the cerebellar and vestibular nuclei. Efferent neurones from these nuclei powerfully excite motor cell groups belonging to the medial and lateral descending motor paths. Purkinje cells therefore have a rather direct influence on activity in descending motor pathways [9] .
Many regard modules as a fundamental feature of cerebellar contributions to motor control (and indeed other functions, see for example [10, 11] ), and it is now generally accepted that investigations of cerebellar function can be framed usefully in terms of their organisation [2, 6, 12] . However, despite detailed knowledge of the neuronal wiring of individual olivo-cortico-nuclear modules and their recurrent connections (for reviews see [13, 14] ), the functional significance of these relationships remains far from clear. The aim therefore of this short review is to consider some of the more recent evidence that cerebellar modules have differing behavioural significance. We will focus on three modules, each located in a different cerebellar compartment: the vermal A module, the paravermal C2 module and the lateral D2 module, and with an emphasis on the olivo-cerebellar climbing fibre system.
A Module
The A module extends over the entire rostrocaudal length of the cerebellar vermis and is defined by its climbing fibre input originating from the caudal half of the medial accessory olive (caudal MAO) and its Purkinje cell corticonuclear projections to the fastigial nucleus. The A module includes what is commonly referred to as the 'oculomotor vermis', lobules VI and VII of the posterior lobe [15] . The caudal MAO primarily receives inputs from ascending somatic sensory pathways including direct inputs from the spinal cord, dorsal column, trigeminal, vestibular, optokinetic and tectal nuclei (see [16] for a review). Outputs from the fastigial nucleus involve connections with both ascending and descending motor pathways, with the former including terminations in the contralateral superior colliculus [17] and visual structures of the midbrain, and the latter including terminations in the vestibular nuclei and pontomedullary reticular formation [18] [19] [20] [21] [22] [23] . Mossy fibre inputs to the A module include the pontine nuclei and the nucleus reticularis tegmenti pontis (NRTP) which in turn receive afferents from amongst other structures, the superior colliculus, pretectum, nucleus of the optic tract, and subcortical visual and oculomotor centres (see [19] for references, [24] ).
Given the pattern of precerebellar sources and output targets of the A module, its function is likely to be involved in the control and regulation of posture and balance as well as head and eye movements (see [25] for a review). Electrophysiological studies support such a tenet: Purkinje cells in the oculomotor vermis discharge both simple spikes and complex spikes in relation to eye movements and head rotation whereas microstimulation evokes eye movements ( [26] [27] [28] [29] [30] [31] [32] [33] [34] , see [35] for a review). Chemical and mechanical lesions of the vermis and fastigial nucleus in monkeys have been shown to produce disturbances in balance and deficits 1 and c of caudal medial accessory olive; dfDAO, dorsal fold of dorsal accessory olive; DLH, dorsolateral hump; DLP, dorsolateral protuberance of medial nucleus; dlPO, dorsal lamella of the principal olive; dmPO, dorsomedial subnucleus of the principal olive; ICG, interstitial cell group; iMAO (lat), lateral part of intermediate medial accessory olive; iMAO (med), medial part of intermediate medial accessory olive; LVN, lateral vestibular nucleus; MedN (lat), lateral part of medial nucleus; MedN (med), medial part of medial nucleus; NIA, nucleus interpositus anterior; NIP, nucleus interpositus posterior; NL, lateral nucleus; PML, paramedian lobule; rMAO, rostral medial accessory olive; vfDAO, ventral fold of dorsal accessory olive; vlPO, ventral lamella of the principal olive. Adapted from [7] in eye and head movements [36] [37] [38] [39] [40] [41] . Similarly, in cats, inactivation of caudal MAO or fastigius severely impairs balance, head and trunk control with little or no deficits on voluntary limb movements such as reaching and grasping [42, 43] . In humans, focal lesions to the cerebellar vermis causes balance impairments [44, 45] and disturbances to smooth pursuit eye movements (e.g. [46] ). The deficits produced by inactivation or lesion studies in both animals and humans are thus in agreement with the anatomical evidence suggesting a role for the A module in balance, head and eye movement control.
Surgical or localised delivery of pharmacological agents to induce lesions are unlikely, however, to be confined exclusively to discrete parts of a complex-shaped nucleus such as the inferior olive without concurrent disturbance of neighbouring structures or fibres of passage. An alternative approach to study the function of a whole module without affecting its neighbouring modules is by cortical injection of the retrogradely transported neurotoxin cholera toxin B conjugated to saporin [47] . A related method is a systemic treatment with neurotoxins: Llinas and co-workers [48] found that rats treated intraperitoneally with the pharmacological agent 3-acetylpyridine (3AP) resulted in destruction of the inferior olive and caused ataxic behavioural disturbances, although some recovery of motor competence was observed after the initial acute loss. Nevertheless, even 6 months after the administration of 3AP, the animals' movements remained sluggish and a distinctive gait persisted, termed 'mud-walking' (characterised by exaggerated flexion of the limbs and an abnormal shift of body weight from one side to the other).
Removal of the olivo-cerebellar climbing fibre projection either acutely or chronically is also known to have a profound influence on Purkinje cell activity, causing simple spikes to exhibit highly abnormal firing patterns (e.g. [49] [50] [51] [52] [53] ), which may explain the severe motor deficits that occur after the inferior olive is damaged. Global removal of the olivo-cerebellar projection therefore demonstrates that climbing fibre inputs to cerebellar modules are critical for normal cerebellar operation. However, an important limitation of 3AP is that it has been shown to cause the degeneration of neurones and fibres in areas of the brain besides the olive, including the nucleus ambiguus, hypoglossal nuclei, substantia nigra, dorsal motor nucleus X (see [54] ), even when used in conjunction with the antidote nicotinamide which, when administered 4.5 h following 3AP, limits its CNS exposure and thus restricts the extent of neuronal degeneration [54, 55] . Thus, the motor deficits observed with the use of 3AP may occur as a result not only of the removal of climbing fibre input to multiple, if not all cerebellar modules, but also due to neuronal degeneration in other brain structures that are implicated in motor function.
A modified 3AP plus nicotinamide protocol in rats, whereby nicotinamide is administered 3.5 h after 3AP treatment (3AP+3.5 h) [56, 57] has been used in our laboratory in order to produce a subtotal lesion of the inferior olive that causes substantial degeneration in all parts of the olive but spares cells in the caudal MAO, the source of climbing fibres that target the A module, and with little or no neuronal degeneration in other CNS structures (Fig. 2a) . Behavioural studies were then carried out to assess the functional responsibilities of the A module in 3AP + 3.5-h-treated animals during spontaneous motor activity and motor performance. Gait analysis of stepping movements revealed that both fore-and hindlimb stride lengths were significantly reduced in treated animals compared to control animals following treatment (Fig. 3a,  b) . In tests of motor performance which included a beamwalking task (which requires a high degree of balance, interlimb coordination and accuracy of foot placement), 3AP+3.5-h-treated animals produced a greater number of foot slips and falls when compared to control animals ( Fig. 3c) . In contrast, in a vertical-hold test, whereby the animal had to cling to a vertical grid for a maximum period of 2 min, 3AP+3.5-h-treated animals performed as well as control animals (Fig. 3d) . Thus, a subtotal lesion of the olive which preserves climbing fibre input to the A module but deprives climbing fibre input to all other regions of the cortex indicates that modules located in the paravermis and lateral cerebellum may play an important role in interlimb coordination, but not grip strength. However, since beam walking requires a high degree of balance and interlimb coordination, further experiments will be needed to determine whether the deficits in performance are due to one or a combination of these two possibilities. Moreover, whether the A module can perform its normal function independently of other affected modules remains to be determined, and, given the predicted role of the A module in eye and head movements, it remains to be determined whether such movements are normal after 3AP+3.5 treatment. Similarly, it will also be of interest to determine whether learning of new motor skills related to eye and head movements is retained after 3AP+3.5 treatment, whilst motor learning related to other types of behaviour is impaired.
C2 Module
The posterior division of the nucleus interpositus (NIP) is innervated by the entire rostrocaudal extent of the paravermal cerebellar cortex-designated C2 which receives its climbing input from the rostral half of MAO [8, 18, 58, 59] . The flocculus and paraflocculus, located most laterally in the cerebellar hemispheres, also contain a C2 module with climbing fibre input from rostral MAO and Purkinje cell output to NIP (see [19] for a review). The rostral MAO not only receives afferents mainly from telencephalic and diencephalic brain regions, but also indirect projections from the spinal cord (see [16] for a review), while the majority of efferents from NIP ascend to innervate the red nucleus [60, 61] , superior colliculus and thalamus [41, 62] . Mossy fibre afferents to the C2 module include pontine nuclei, NRTP, lateral reticular nuclei, oculomotor and vestibular centres (see [19] for references, [63, 64] ), as well as somatosensory information from the periphery by way of the spinal cord, dorsal column nuclei, trigeminal nuclei and lateral reticular nucleus (for review, see [24] ).
In light of these widespread input and output connections, it is perhaps unsurprising that the functional role of the C2 module is not well understood. Stimulation of Purkinje cells within the C2 module of the flocculus produces movement of the head and eyes indicating that this module may play a role in head orientation and gaze control [65] . However, single-unit recordings from Purkinje cell simple spikes in the paravermal C2 module and their target nuclear neurones in NIP have also been shown to be related to limb movements [66] [67] [68] [69] [70] [71] [72] [73] . Electrical stimulation of the NIP in cats [74] [75] [76] and primates [77, 78] leads to contractions most often of flexor muscles of the shoulder and limbs, as well as muscle twitches and movements of the eyes, face and neck. In cats, inactivation of the NIP affects the performance and timing (but not learning) of eyelid conditioned responses (reviewed in [79] ). showed during locomotion in cats that interpositus lesions led to limb hypoflexions while lesions of the overlying cerebellar cortex led to hyperflexions presumably, by reducing the inhibitory drive from the overlying Purkinje cells (see also [80] ). Moment-tomoment control of voluntary limb movements also becomes profoundly impaired with lesions or inactivation of NIP: reaches become inaccurate and more variable [41, 42, 81, 82] . Also reversible inactivation of rostral MAO disrupts reaching and locomotion in cats [43] . Therefore, it seems that as well as a role in eye and head control, the C2 module is also likely to be involved in the control of limb movements. These data also raise the possibility that parts of the same module located in different regions of the cerebellar cortex may subserve different functions.
In the same way that 3AP is a useful tool for studying the function of the A module, intraperitoneal injection of the neurotoxic agent trans-crotononitrile (TCN) produces a subtotal lesion of the inferior olive sparing cells located in rostral MAO, the source of climbing fibres to the C2 module [56] (Fig. 2b) . . cDAO and rDAO, caudal and rostral subdivisions of the dorsal accessory olive; cMAO and rMAO, caudal and rostral subdivisions of the medial accessory olive; PO, principal olive. Scale bars, 100 μm. Adapted from [56] Behavioural studies to assess the role of the C2 module during spontaneous behaviour revealed that similar to 3AP+3.5 h treatment, fore-and hindlimb stride lengths during gait analysis were significantly reduced when compared to control animals (Fig. 3a, b) . However, TCN-treated animals produced a greater number of foot slips and falls in the beam-walking test compared to control animals and 3AP+3.5-h-treated animals (Fig. 2c) . Also, by contrast to 3AP-treated animals, TCN-treated animals displayed a reduction in holding time during the vertical-hold task for all time points tested (Fig. 2d) and a significant increase in activity in an open-field test. Thus, in a number of respects TCN-and 3-AP+3.5-h-treated animals display significant differences in behavioural deficits but, generally speaking, TCN produces more profound motor deficits than 3AP+3.5-h-treated animals. This is presumably because the integrity of the A module in 3AP-treated animals affords greater control of axial musculature that underpins most of the behavioural tests examined. Furthermore, the question of whether the C2 module can operate independently of other modules is unknown. Since the C2 module is implicated in the control of goal-directed reaching, it also remains to be determined whether such movements and the acquisition of related motor skills are conserved in TCNtreated animals. Similarly, given the predicted role of the C2 module in eye and head movements, to what extent are such movements preserved after TCN treatment?
D2 Module
The lateral or hemispheral compartment of the cerebellum is by far the largest part of the human cerebellum On each day of assessment the test was carried out for a maximum time period of 120 s. Animals were tested before (pretreatment) and at different time points after treatment at days 2, 6 and 12. Asterisk indicates a statistically significant difference from control (P<0.05, Mann-Whitney U-test). Adapted from [56] (accounting for about 90% of its size) yet the least is known about its function, particularly in relation to individual modules. It is clear however that the lateral cerebellum plays an important role in the control of complex visually guided movements, emphasised by the profound deficit in visuomotor performance that occurs when this region of the cerebellum is damaged (e.g. [83] [84] [85] [86] ). The lateral cerebellum serves as the main link between visual to motor areas of the brain (reviewed in [87] ). Accordingly, visual inputs from cortical extrastriate visual areas and subcortical visual structures are routed via the pontine nuclei and terminate in the lateral cerebellum as mossy fibres, whilst information from the pretectum project via the inferior olive to terminate in the lateral cerebellar cortex as climbing fibres (e.g. [88] [89] [90] [91] [92] [93] ). Human functional imaging studies to identify brain areas related to the control of visually guided movements have also demonstrated that the lateral areas of the cerebellum show haemodynamic changes preferentially during visually guided movements [94, 95] . This is consistent with demonstrations that neurones in the lateral cerebellar cortex [88, [96] [97] [98] [99] [100] [101] and its output nucleus, dentate [102, 103] responds to visual events such as a flash of light and to the velocity and direction of a moving target during guided limb movements. Cooling [104, 105] and pharmacological inactivation of the dentate nucleus [106] [107] [108] or overlying cerebellar cortex [109] in monkeys trained to perform goal-directed movements have also been important in demonstrating the role of the lateral cerebellum in visuomotor integration: inactivation causes a loss of control on the displacement, velocity and acceleration of ipsilateral limb movements as well as impairments in visually guided tracking associated with a prolongation of visually triggered reaction times. Given that the dentate nucleus has major connections with the parvocellular red nucleus [18, [110] [111] [112] and via the thalamus with motor and premotor areas of the cerebral cortex [113, 114] , these impairments may arise because cerebellar target neurones in the motor cortex are no longer modulated by visual information regarding the direction or speed of a target or limb movement. As a consequence, the correct motor programme may not be selected [87, 115] .
The D2 module is one of the cerebellar modules located in the lateral cerebellum, and like the A and C2 modules extends over the entire rostrocaudal extent of the cerebellum. The D2 module receives its climbing fibre input from the dorsal lamella/lateral bend of the principal olive and its target nucleus is the rostromedial subdivision of dentate [116, 117] . At present, there is no neurotoxin available that selectively preserves climbing fibre input to the D2 module, so it is not possible to study the behavioural deficits that arise from such a subtotal lesion of the olive. Instead, we have investigated the function of this module by recording the spike trains of individual Purkinje cells during motor performance in chronically instrumented cats (for details of the methods see [118, 119] ). The findings from our initial studies support the view that the lateral cerebellum is intimately involved in visually guided movement, since Purkinje cell simple spike activity was found to precisely signal visual events, and encode target motion during visually guided reaching [119] .
However, the tonically altered simple spike activity that occurred during a persistent visual stimulus that moved in a predictable way across the animal's field of view may reflect either direct sensory activation or the operation of an 'internal model'. The latter because an increasing body of evidence [115, [120] [121] [122] [123] [124] [125] [126] [127] suggests that an important aspect of cerebellar contributions to motor control is through the operation of internal simulations of movements. Internal models are a neural representation of one's body and the external world and are thought to help perform movement smoothly and accurately through prediction without the need for continuous sensory feedback [109, [128] [129] [130] [131] .
To identify whether the neuronal activity in the lateral cerebellum previously found to be related to target movement represents the active operation of an internal model closely simulating target motion, single-unit recordings were made from Purkinje cells in the D2 module in cats trained to perform a predictable visually guided reaching task [118] . The localization of the recording sites in the D2 module was determined at the end of the experiment by injecting retrograde tracer into the cortical area where the Purkinje-cell recordings were made and mapping (post-mortem) the location of labelled cells in the contralateral inferior olive-labelled cells were located within the dorsal lamella/lateral bend of the principal olive, thus confirming that the Purkinje-cell recordings were mainly within the D2 module (Fig. 4a) .
In the Purkinje-cell recording stage of the experiment, cats were trained to reach (after receipt of a 'go' signal) into a moving visual target travelling in a predictable fashion. The target for reach consisted of a hollow Perspex tube dimly lit by a ring of LEDs. Experiments were conducted without ambient illumination in a light-proof room. Thus, the only source of visual information available to the cat was from the target LEDs. The tube was initially stationary to the left of centre (as viewed by the cat) at a comfortable height for reaching (Fig. 4b) . The tube then moved at a constant velocity rightwards across the cat's visual field (Fig. 4c) . At various stages of the target's motion, illumination of the ring of LEDs around the tube was temporarily extinguished during which time the animal was in total darkness.
Purkinje cells that displayed tonic simple spike activity during movement of the target maintained their tonic activity when the cat's view of the target was occluded during the transient extinction of the target LEDs (Fig. 4d) . Since the simple spike activity of the same Purkinje cells could not be correlated to eye or limb movements, and the target was familiar and moved in a predictable fashion, it was concluded that a model of target movement had been constructed which predicts the target's velocity and position and thereby maintains neural activity in the absence of sensory inputs. Such a mechanism is likely to be important for movement planning and control during the interception of a moving object, and may explain the profound deficit in visuomotor performance that results from cerebellar injury of the lateral cerebellum [83, 84, 109, 132, 133] . Outstanding questions include: to what extent is the D2 module dedicated to specific internal models? For example, are internal models of other types of predictable movement also present in the same module (e.g. an object falling under gravity, [134] ), and is the same internal model present in more than one cerebellar module? Do the output neurones in dentate also show activity consistent with an internal model? And given Fig. 4 a Distribution of retrogradely labelled olive cells after a tracer injection of red latex microspheres was made into crus I coinciding with the parts of the cerebellar cortex where most of the microelectrode tracks were made. Equally spaced standard transverse outlines of the inferior olive between AP levels 10.25 and 8.75. Each circle and triangle corresponds to one retrogradely labelled cell in Cat P and Cat F, respectively. DAO, dorsal accessory olive; dLPO, dorsal lamella of the principal olive; l, lateral; m, medial; MAO, medial accessory olive; PF, primary fissure; vlPO, ventral lamella of the principal olive. b Schematic diagram of behavioural task. Cats were trained to perform a visually guided reaching task in the dark in which a tube, dimly lit by a ring of LEDs and containing a food reward was initially stationary 7 cm to the left of centre. c In a 'go' trial, the tube started to move horizontally in the rightwards direction at a constant velocity of 6.2 cms −1
. After an interval of approximately 600 ms after the commencement of target motion, the LEDs brightened to cue the animal to make a reach with its left forelimb, ipsilateral to the cerebellar recording, to retrieve a food reward from the tube. d Perievent time histogram showing an example Purkinje cell which displayed a tonic increase in simple spike activity in relation to target motion. In one half of the trials, the moving target disappeared for 300 ms during target motion. Target denial occurred 200 ms after the onset of target motion. Dotted vertical line at 0.6 s represents 'go' signal. e Comparison of responses during target denial with no denial control. No significant change (paired t test, p>0.05, n=10). Line represents unity. Adapted from [118] the role of the cerebellum in learning, how is an internal model acquired and can it be modified?
Concluding Comment
This short review summarises some recent studies that have sought to gain further insight into the behavioural significance of individual cerebellar modules. Whilst such studies are still in their infancy, the use of new pharmacological tools has provided evidence that the A and C2 modules located in the vermis and paravermis, respectively, have some differences in function, e.g. the A module is concerned with balance and the postural base for voluntary movements, while the C2 module is concerned more with limb coordination. This is not to imply that these are the only functions of these modules. Indeed, the available evidence suggests that they may also have some responsibilities in common-notably a shared or perhaps complementary role in the control of eye and head movements. In addition, Purkinje-cell recordings in the lateral cerebellar D2 module have provided evidence of the operation of an internal model associated with visuomotor control. But it remains to be determined how specific such a function is to this particular module. Thus, while individual modules play a role in particular aspects of motor control, their functions may be overlapping rather than entirely distinct. Caution is therefore needed when devising experiments which seek to study the role of a particular cerebellar module in relation to a specific behaviour, since more than one module is likely to be involved.
